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Abstract

Since the discovery of first antidepressants in mid-1950’s, the field has been intensively studied. Several new classes of compounds
emerged and several hypotheses on the mechanism of their action were proposed. The novel antidepressants are either selective and

Ž . Ž .reversible monoamine oxidase inhibitors, e.g., moclobemide , or selective serotonin reuptake inhibitors e.g., citalopram or paroxetine ,
Ž . Ž .or serotonin and noradrenaline reuptake inhibitors e.g., venlafaxine . Recently neuropeptides e.g., thyrotropin-releasing hormone,TRH

Ž .or antagonists of neuropeptide receptors e.g., tachykinin NK receptor undergo clinical tests. Several hypotheses proposed the1

predominant involvement of one or few neurotransmitter receptors in the mechanism of antidepressant action, but it is now assumed that
several distinct receptor mechanisms’ trigger different but converging intracellular signal cascades that activate transcription factors,
which, in turn, promote the expression of genes encoding for proteins, that play a crucial role in restoring of neuronal functions involved
in mood regulation. q 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

The first effective antidepressant drugs: a monoamine
oxidase-inhibitor, iproniazid, and a tricyclic inhibitor of
noradrenaline and serotonin uptake, imipramine, were dis-
covered serendipitously, but once their clinical effective-
ness had been established the new compounds of a similar
mechanism of action were synthesized and introduced into
clinic. Together with electroconvulsive treatment, which
was introduced in the 1930’s, these compounds brought a
therapeutic progress and largely contributed to the decline
in number of patients kept in psychiatric hospitals and
institutions.

The progress in the field of drug treatment and seis-
motherapy was considerable. Electroconvulsive treatment
is now administered under anesthesia and muscle relax-
ation, and is applied unilaterally, with no loss of efficacy.
The new perspectives for physical therapy of depression
were opened by rapid transcranial magnetic stimulation —
a procedure much more satisfactory for the patient and

Ž .acceptable for public opinion Zyss, 1994 . The treatment
produces neurochemical effects similar to those induced by
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Želectroconvulsive treatment Fleischman et al., 1995; Zyss
. Žet al., 1997 and the clinical results were favorable Geo-

.rge et al., 1995, 1997; Pascual-Leone et al., 1996 .
The progress is visible also with antidepressant drug

treatments. The initial irreversible monoamine oxidase in-
hibitors that blocked the activity of both monoamine oxi-
dase-A and monoamine oxidase-B isoforms were replaced
initially by still irreversible, but selective drugs, such as
clorgyline, a monoamine oxidase-A inhibitor, or selegiline
Ža monoamine oxidase-B inhibitor that was found useful in

.Parkinson’s disease rather than in depression , and then by
reversible, monoamine oxidase-A-specific inhibitors, such
as moclobemide.

A progress was also achieved within monoamine uptake
inhibitors. The early compounds, such as imipramine, de-
sipramine or amitriptyline, which inhibited both, although
to different extent, the uptake of noradrenaline and sero-
tonin, and, in addition, antagonized several neurotrans-
mitter receptors, were to some degree replaced by drugs

Ž .that either inhibited selectively serotonin uptake SSRI
Žbut still interacted with several receptors e.g., fluoxetine,

.paroxetine, citalopram , or inhibited both noradrenaline
and serotonin uptake, but possessed no receptor activity
Ž .e.g., venlafaxine . In addition, several atypical antidepres-
sants, such as, e.g., mianserin, were introduced and still
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Ž .have their clinical position see: Vetulani, 1997 . It should
be also noted that the old tricyclic antidepressants, such as
amitriptyline, are still widely used. The important point,
both from the theoretical and practical point of view, is
that the effectiveness of the available treatments is still
relatively low. Moreover, all known treatments alleviate
the symptoms of depression only after a considerable delay
period.

While the results of the search for an effective and rapid
antidepressant therapy are still not fully satisfactory, the
research in this field contributed immensely to the devel-
opment of neuroscience, because of attempts to formulate
several theories of antidepressant drug action.

2. Early hypotheses on action of antidepressants

The discovery that iproniazid and other hydrazine
derivatives were monoamine oxidase inhibitors that effec-
tively elevated the cerebral levels of noradrenaline and
serotonin, immediately implicated those amines in etiology
of depression. The finding that effective tricyclic antide-
pressants do not elevate the cerebral levels of biogenic
amines posed initially some difficulties, till Sulser and

Ž .Dingell 1968 proved that the drugs inhibit the reuptake
of monoamines, and in this manner increase their availabil-
ity at the receptor site. Thus, the common denominator of
the action of both monoamine oxidase inhibitors and tri-
cyclic drugs was the elevation of concentration of biogenic
amines in the synaptic cleft. This was regarded as essential
for their clinical activity. The findings that reduction of the
brain content of biogenic amines, e.g., with reserpine,
brought about depression, strengthened the hypotheses
about the importance of monoamines in mood disorders
and their participation in the mechanism of action of
antidepressant drugs. The first hypotheses assumed that the
neurotransmitter of crucial importance is either noradrena-

Ž .line Bunney and Davis, 1965; Schildkraut, 1965 or sero-
Ž .tonin Coppen, 1969 .

The obstacle to assume a simple relationship between
the monoamine concentration at the receptor site and the
level of mood was the fact that antidepressant drugs do not
elevate mood in normal, healthy subjects, and that in
depressed patients they did not alleviate depression imme-
diately, but a treatment lasting for at least two weeks is

Ž .necessary Oswald et al., 1973 . This prompted us to carry
out animal experiments with chronic administration of
antidepressants, looking for the effects that appear only

Ž .after a few weeks’ treatment Vetulani and Sulser, 1975

3. The rise of the b-adrenoceptor downregulation hy-
pothesis

Our experiments in which rats were injected with an-
tidepressant compounds daily for periods ranging between

1 and 8 weeks demonstrated that all tested antidepressants
Ž .desipramine, iprindole, monoamine oxidase inhibitors and

Ž .electroconvulsive shock ECS downregulated the response
of cyclic AMP generating system in cerebral slices to
adrenergic stimulation, but only after a treatment lasting
for four weeks and more. The initial assays were carried
out on the slices from the Alimbic forebrainB and the effect
was relatively small, but now we know that our choice of
the structure to investigate was not optimal. Further stud-
ies, carried out on cortical slices, confirmed our data
concerning cyclic AMP response, and it was later found
that the density of cortical b-adrenoceptors after chronic

Žantidepressant treatment also declines Banarjee et al.,
.1977 . These findings were the basis of the so-called

b-adrenoceptor downregulation hypothesis, which assumed
that the suppression of signaling through b-adrenoceptors

Žis indispensable for clinical antidepressant effects Sulser
.et al., 1978 . The hypothesis was generally accepted as

several other antidepressant treatments, including an atypi-
cal antidepressant iprindole, were found to reduce the
cyclic AMP response or the density of b-adrenoceptors in
the cerebral cortex or its particular areas. The point was
strengthened by the fact that depressogenic treatments,
such as administration of reserpine and central chemosym-
pathectomy, produced opposite changes that were re-

Žversible by electroconvulsive treatment Vetulani et al.,
.1976 .

4. The decline of b-adrenoceptor downregulation hy-
pothesis and rise of alternative receptor theories

The original b-adrenoceptor downregulation hypothesis
was soon challenged since several newly introduced an-
tidepressants, particularly selective serotonin uptake in-
hibitors, did not produce b-adrenoceptor downregulation,
and some of them, such as citalopram, may even produce

Ž .an opposite effect Nalepa and Vetulani, 1993a . More-
over, several antidepressants induced many neurochemical
changes, and some of them were also observed only after a
prolonged treatment, fitting the paradigm that only slowly
developing changes may be related to the mechanism of
therapeutic action of antidepressants.

Recent in vivo studies have established that, notwith-
standing b-adrenoceptor downregulation, long-term antide-
pressant treatments lead to sustained activation of the
cyclic AMP system in specific brain regions that leads to
activation of cyclic AMP response element-binding protein
Ž . Ž .CREB Duman et al., 1997a,b .

Owing to that, there appeared several alternative hy-
potheses on the mechanism of action of antidepressants.
Initially, we elaborated further the original b-adrenoceptor
downregulation hypothesis by assuming the additional in-

Žvolvement of either a -adrenoceptor downregulation Pilc2
.and Vetulani, 1982 or a -adrenoceptor upregulation1

Ž .Vetulani et al., 1984 . Meanwhile the groups of Sulser
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and Costa demonstrated that serotonergic system plays a
permissive role for b-adrenoceptor downregulation devel-

Ž .opment Brunello et al., 1982; Janowsky et al., 1982 .

5. The serotonin hypothesis

The real boost for serotonin hypothesis was the discov-
ery of high clinical efficacy of antidepressants that selec-
tively block the serotonin reuptake, with negligible effect
on noradrenergic system. The interest in selective sero-
tonin reuptake inhibitors was aroused in mid 1970’s. The

Žfirst compounds of this group were fluoxetine Fuller et
. Žal., 1974 , trazodone Lehmann et al., 1975; Mann et al.,

. Ž1980 and zimelidine Ross et al., 1976; Benkert et al.,
.1977; Ogren et al., 1981 , which were used as antidepres-

Ž .sant agents by 1980 Shopsin, 1980 . At the same time ,
citalopram was discovered as a serotonin reuptake in-

Žhibitor with antidepressant potential Christensen et al.,
.1977; Hyttel, 1977 , but for a long time, it remained only

an investigational drug before its recent successful intro-
duction to clinic. By 1990, the research was carried out on
further selective serotonin reuptake inhibitors, such as

Ž . Žsertraline Koe et al., 1983 and paroxetine Danish Uni-
.versity Antidepressant Group, 1990 .

Although there exists a debate whether selective sero-
tonin reuptake inhibitors are as potent as classical antide-

Žpressants most psychiatrists today agree, however, that
.they should be used as the drugs of first choice , the

selective serotonin reuptake inhibitors are attractive be-
cause they produce much fewer unwanted side-effects than
classical tricyclics. Moreover, it was reported that using
selective serotonin reuptake inhibitors together with 5-HT1A

receptor antagonists the course of remission may be short-
ened. Administration of pindolol, a 5-HT and b-adre-1A

noceptor antagonist, accelerated the action of selective
Ž .serotonin reuptake inhibitors Artigas et al., 1994 . This

acceleration was attributed to the blockade of 5-HT1A

receptors on serotonin neurons in the raphe nuclei, which
Žinhibit serotonin release from the nerve ending Romero et

.al., 1997 . The question whether b-adrenoceptor blocking
properties contribute to the effect of pindolol was an-

Ž . Ž .swered negatively by the study of Zanardi et al. 1997 .
In connection with serotonin hypothesis, also the a -2

adrenoceptor downregulation hypothesis has been revital-
ized by the group of De Montigny, who postulated that
downregulation of a -heteroceptors controlling serotonin2

release may be an important factor of antidepressant action
Ž .Mongeau et al., 1994

6. Dopaminergic hypothesis

ŽPlaying a central role in the reward system Koob,
.1996 , dopamine was a natural candidate for a neurotrans-

mitter involved in the etiology of depression and mecha-

nism of the action of antidepressant drugs. The first hy-
pothesis implicating dopamine in depression and mania

Ž .was proposed over 25 years ago Randrup et al., 1975 .
Although it became disregarded soon, particularly because
amphetamine was not found to be a suitable antidepres-
sant, the next two decades brought some evidence that
dopamine may be involved in depression. In a series of
studies that began in early 1980’s, Maj et al. demonstrated
that almost all chronic antidepressant treatments increase

Žthe responses to dopaminergic simulation e.g., Maj, 1984;
.Maj et al., 1984, 1987, 1989a . The evidence for dopamine

involvement in the mechanism of action of antidepressants
available a decade ago was presented by Kapur and Mann
Ž . Ž .1992 , and more recently by Willner 1997 . Although
several studies indicated that behavioral responses to
dopaminergic stimulation are increased by antidepressant

Ž .treatments e.g., Maj et al., 1989b , and, in particular, by
Želectroconvulsive treatment Wielosz, 1981; Antkiewicz-

.Michaluk et al., 1994 , no correlation of this effect with
changes in dopamine receptor binding could be found in
earlier investigations. However, the recent studies of Maj

Ž .et al., 1996, 1998 , employing agonist rather than antago-
nist ligands, suggest that antidepressant treatments may
increase the density of dopamine D and dopamine D2 3

Žreceptors present in active conformation. Several but not
.all antidepressants were then reported to increase the

expression on mRNA coding for dopamine D dopamine2
Žreceptors in limbic structures of rat brain Dziedzicka-

.Wasylewska et al., 1997; Ainsworth et al., 1998 . The
relationship between the increased agonistic binding to
dopamine receptors and clinical antidepressant action is,
however, uncertain, as the increases in binding of dopamine
dopamine D and dopamine D receptor agonists takes2 3

place rapidly and, in some cases, the increase is more
prominent 2 h after a single dose than after repeated

Ž .treatment Rogoz and Dziedzicka-Wasylewska, 1999 . In
contrast to adrenoceptors, whose specific involvement in
depression has not been defined, the dopaminergic system
may be involved in the functioning of reward system,
which most probably is compromised in depression.

7. Glutamatergic system and the NMDA receptor

An important discovery of the group of Skolnick was
the finding that NMDA receptor changes may be involved
in the action of antidepressant drugs. Since early 1990’s
evidence accumulated that functional NMDA receptor an-
tagonists act as antidepressants. This was demonstrated

Žboth in the chronic mild stress model of depression Papp
. Žand Moryl, 1994 and in forced swim test Trullas and

. ŽSkolnick, 1990; Maj et al., 1992 see also Skolnick,
.1999 . Further studies demonstrated also that antidepres-

sant treatments inhibit some functions of the NMDA re-
Žceptor, e.g., NMDA-evoked acetylcholine release Kiefer

.et al., 1999 . The most convincing evidence for importance
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of interaction of antidepressants with NMDA receptor was
the demonstration in Skolnick’s laboratory that clinically
active antidepressants almost invariably downregulate the
strychnine-insensitive glycine receptors in neocortical
membranes, as demonstrated by reduction of the potency

w3 xof glycine to inhibit H -5,7-dichlorkynurenic acid bind-
Ž .ing Paul et al., 1994 . The depression of glutamatergic

transmission by chronic antidepressants is the result of
reduction of the proportion of high activity glycine sites on

Ž .NMDA receptor Skolnick et al., 1996 .
The NMDA receptor antagonists were similar to classi-

cal antidepressants in respect of induction of b-adrenocep-
Žtor downregulation Paul et al., 1992; Layer et al., 1995,

.see also Skolnick et al., 1996 . Conversely, functional
noradrenergic system is necessary for the reduction by
antidepressants of the activity of glycine site on NMDA

Ž .receptor Harkin et al., 2000 . An interesting finding of
Ž .Wedzony et al. 1995 was the demonstration that the

development of b-adrenoceptor downregulation by an
NMDA receptor antagonist CGP may be facilitated by
stress of the forced swimming. This suggests that antide-
pressant effects may be influenced by environmental con-
ditions. The observation that forced swim test increased
the potency of glycine at the NMDA receptor complex

Ž .glycine site Nowak et al., 1995 confirmed the importance
of stress on the development of antidepressant activity of
drug treatment.

The adaptive changes of NMDA receptor induced by
chronic antidepressant administration are reflected at the
level of gene expression. ECS increases the mRNA coding

Žfor some NMDA receptor subunits NR2A in many re-
. Žgions but decreased that for mGluR5b Watkins et al.,
.1998 . Generally, long-term antidepressant treatment pro-

duces region-specific changes in expression of transcripts
for NMDA receptor subunits, presumably altering NMDA
receptor composition. Various antidepressants differ in

Ž .their action in this respect Boyer et al., 1998 . A discus-
sion of the role of NMDA receptor adaptation for antide-

Ž .pressant action was presented by Huang et al. 1997 .
The NMDA receptor is a ligand-dependent Ca2q chan-

nel, and therefore regulates Ca2q influx and, consequently,
Ž .nitric oxide NO synthesis. Thus, some effects mediated

by NMDA receptor complex may, in fact, result from
changes in intracellular Ca2q and NO concentration. In
fact Ca2q antagonists were found to produce an effect
similar to antidepressants on NMDA receptor complex

Ž .glycine site Nowak et al., 1993 . It has also been found
Ž .that NO synthase NOS inhibitors, similarly to NMDA

receptor antagonists, produce antidepressant-like effect in
the forced swimming test in mice and may have a potential

Ž .of antidepressant agents Harkin et al., 1999 . On the other
hand, chronic ECS increases the NOS activity in the
cerebral cortex, cerebellum and hippocampus, and this
effect may be regarded as a compensatory mechanism to
counteract the reduced NMDA receptor complex reactivity
Ž .Nowak et al., 1997 .

8. Neuropeptides

Although for the last four decades the action of antide-
pressants was regarded as closely associated with
monoamine transmission systems, and in the last decade
the role for excitatory amino acids was pointed out, the
possible involvement of neuropeptides has not been taken
into account, in spite of the fact that the seminal works of
de Wied brought attention to the biological role of this
class of neuromodulators that are now implicated in almost
every function of the central nervous system. While their
roles in memory and social interactions were particularly
studied, the participation of neuropeptides in regulation of
mood and etiology of depression should not be overlooked.
Recently, it has been discovered that drugs acting on some
peptidergic systems have a considerable potential as an-
tidepressants.

The role for neuropeptides in regulation of mood and
memory is twofold. It might result from the modulation of
the action on monoamine transmitters with which they

Žcoexist in a neuron e.g., substance P and thyrotropin-re-
Ž . .leasing hormone TRH in the serotonergic raphe neurons .

As a single neuron may secrete both a neurotransmitter
and one or more neuropeptides, thus corelease combined
with multiple receptors provides the means for greatly
amplifying the complexity of actions and the levels of
control at a single synapse. The second important route of
action of peptides on mood may be related to their role
played in regulation of hormonal systems.

8.1. IndiÕidual peptides

8.1.1. Substance P
Substance P a long time after its discovery as the first

peptide having neurotransmitter functions, aroused recently
a considerable interest because of antidepressant properties
of antagonists of its preferred binding site, the tachykinin
NK receptor receptor. In the human brain substance P1

Žcoexists with serotonin in raphe neurons Baker et al.,
.1991 , and tachykinin NK receptor receptor is the pre-1

Ž .dominant tachykinin receptor Dietl and Palacios, 1991 .
Unfortunately, the substance P distribution, coexistence
with serotonin, and distribution of tachykinin receptors in
the primate brain is different from those in mice and rats.
Owing to that the studies on the possible antidepressant
properties of tachykinin NK receptor receptor antagonists1

are difficult, because the role of substance P in the control
of mood of humans may be different to that in rodents..
Although gerbils and guinea pigs have the characteristics
of the substance P system similar to that of primates, those
species are much less used in psychopharmacology.
tachykinin NK receptor receptor antagonists, such as1

compound L-733 060, now are studied clinically as poten-
Ž .tial antidepressants Kramer et al., 1998 . Clinical studies
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of an substance P receptor antagonist MK-869 and related
Ž .compounds are also promising Baby et al., 1999 . The

target of possible antidepressant action of substance P
Žreceptor antagonists seem to be amygdala Smith et al.,

.1999 .
The role of substance P as a depressogenic agent is also

suggested by the fact that several antidepressants given
chronically reduce the substance P content in the striatum,

Ž .substantia nigra and amygdala Shirayama et al., 1996 .
This raises the possibility that such a decrease may con-
tribute to the therapeutic action of antidepressants in affec-
tive disorders. If one would like to use some poetry, he
might say that substance P is the mediator of not only
physical, but also of the mental pain.

8.1.2. TRH
Since the 70’s, TRH was suspected to possess antide-

pressant properties. We were investigating it briefly for the
ability to produce b-adrenoceptor downregulation, but as
its effect, unlikely that of other antidepressant treatments,
appeared rapidly but disappeared during more prolonged

Ž .TRH administration Vetulani et al., 1975 , this line of
research, unfortunately, was abandoned. Only after more
than 20 years, it was demonstrated that TRH and its
analogue, pGlu–Glu–Pro–NH , decrease the floating time2

in the Porsolt’s test, and that synthesis of both peptides in
Žlimbic regions is induced by ECS Pekary et al., 1999;

.Sattin, 1999 . The reduction of floating time was described
Ž .also for prepro-TRH 178-199 Redei et al., 1999 . Follow-

ing controlled clinical studies have revealed that TRH
when injected intrathecally may rapidly, though transiently
Ž .for 2–3 days , induce remissions of major depression.
This is of particular interest in the light of well-known
phenomenon of delayed response to antidepressant treat-

Ž .ments Sattin, 1999 . Sattin suggests that TRH and related
peptides are likely to play a significant role in the inhibi-
tion of glutamatergic subcortical limbic neurons, which
may be hyperactive in depression. One of the mechanisms
of action of electroconvulsive treatment may consist of
augmenting this inhibition because of induction of synthe-
sis of TRH in specific limbic and frontal cortical regions.
The antidepressant action of tricyclics and atypical antide-
pressant may be due, according to him, to activation of a

Ž .subset of g-amino bytyric acid GABA -ergic interneu-
rons, which then inhibit the pathologically hyperactive
glutamatergic limbic neurons.

8.1.3. Neuropeptide Y
Neuropeptide Y is widely distributed in central and

peripheral neurons. In sympathetic postganglionic neurons,
Neuropeptide Y coexists with noradrenaline. The peptide,
acting prejunctionally, suppresses the release of noradrena-

Žline from sympathetic nerve terminals Wahlestedt and
.Hakanson, 1986 . The action of neuropeptide Y in the

hypothalamic control of the pituitary–adrenocortical axis,

suggested by earlier immunocytochemical studies was con-
Ž .firmed by Wahlestedt et al. 1987 . who found that injec-

tions of neuropeptide Y into the area of the periventricular
nucleus of the hypothalamus of freely moving rats elevated

Ž .the levels of adrenocorticotrophic hormone ACTH and
corticosterone and caused activation of pituitary–adreno-
cortical axis.

Studies on humans have suggested that neuropeptide Y
is involved in major depression and anxiety. The reduced
cerebrospinal fluid concentrations of neuropeptide Y found
in patients with major depression may reflect disturbed
synthesis, turnover or degradation of neuropeptide Y in

Ž .this illness Widerlov et al., 1988 .
The hypothesis that neuropeptide Y might be involved

in the pathophysiology of depressive illness was also
supported by finding that treatment with ECS increases
the neocortical and hippocampal neuropeptide Y-like im-

Ž .munoreactivity Wahlestedt et al., 1990 , while imipramine
elevates the immunoreactivity in the frontal cortex and

Ž .hypothalamus Heilig et al., 1988 . Recently, the antide-
pressant-like effect of neuropeptide Y has been demon-

Žstrated in the forced swim test in rats Stogner and Holmes,
.2000 .

8.1.4. Vasopressin and oxytocin
The psychotropic effects of vasopressin and oxytocin

Žare well known thanks to classical works of de Wied cf.
.de Wied and van Ree, 1989 . Recently, the role of vaso-

pressin in depression is discussed in view on its effect on
the hypothalamic–pituitary axis and role in the stress that

Žmay be an important factor in etiology of depression Scott
.and Dinan, 1998 . Both vasopressin and oxytocin acted

similarly to antidepressants in behavioral and biochemical
Žanimal tests Arletti and Bertolini, 1987; Nalepa and Vetu-

.lani, 1990; Popik and Vetulani, 1993; Arletti et al., 1995 .
It has been postulated that an important component of the
action of atypical antidepressants is the release of oxytocin
Ž .Uvnas-Moberg et al., 1999 .

8.2. Endocrine systems and antidepressants

A relationship between endocrine illnesses and depres-
sion has been noted since years and many data indicate
functional disturbances of endocrine systems in depression.
Particularly affected are: hypothalamic–pituitary–adrenal
axis, hypothalamic–pituitary–thyroid axis, neuropituitary

Žaxis and somatotropic axis for review, see Holsboer et al.,
.1992, Ansseau, 1997 .

The hypothalamic–pituitary–adrenal axis comprises
Ž .corticotropin-releasing hormone CRH , released from

nerve terminals in the median eminence of the hypothala-
mus and transported in the hypothalamo–hypophyseal por-
tal system to the corticotrophs, where it increases the
release of ACTH and other proopiomelanocortin-derived
compounds. In addition, the secretion of ACTH is posi-
tively modulated by arginine vasopressin. ACTH runs to
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the adrenal cortex, where it stimulates the synthesis and
secretion of glucocorticoids. Among adrenal steroids, cor-
ticosterone is the major negative feedback signal in the
regulation of ACTH, affecting hippocampus, hypothala-
mus, pituitary at the genomic and nongenomic level. Corti-
costerone binds to two types of receptors: with high affin-

Ž .ity to the mineralocorticosteroid receptor MR that are
located predominantly in the hippocampus, and with affin-
ity sixfold to tenfold lower to the glucocorticoid receptor
Ž .GR that are distributed throughout the brain. Occupation
of hippocampal MRs maintains excitability and limbic
inhibitory control over the hypothalamic–pituitary–adrenal
system. GR activation induced by higher level of cortico-
sterone counteracts the action of MR. Thus, the degree of
hippocampal inhibition of the hypothalamic–pituitary–
adrenal axis depends on the level of circulating cortico-
sterone. Noradrenaline, serotonin and acetylcholine en-
hance the secretory activity of the hypothalamic–pitui-
tary–adrenal system, whereas GABA inhibits it.

Depression is often associated with the hyperactivity of
hypothalamic–pituitary–adrenal axis. This hyperactivity
normalizes in the course of successful antidepressant treat-

Ž .ment Pepin et al., 1992b; Barden et al., 1995 . The failure
to normalize the activity of hypothalamic–pituitary–adrenal
axis by antidepressant treatment indicates a poor prognosis
and this observation demonstrates a link between actions
of antidepressants on neuroendocrine systems and their

Ž .therapeutic effects cf. Holsboer et al., 1992 .
The antidepressant administration influences the expres-

sion of genes encoding for hypothalamic–pituitary–adrenal
axis constituents. Thus, chronic treatment with some tri-
cyclic antidepressants downregulates the CRH mRNA in

Ž .the paraventricular nucleus Brady et al., 1991 and upreg-
Ž .ulates the hippocampal MR Brady et al., 1991 and the

Ž .GR mRNA Peiffer et al., 1991; Rossby et al., 1995 .
However, the latter effect is not a common mechanism of
antidepressants, as the most widely used selective sero-
tonin reuptake inhibitor, fluoxetine does not cause such an

Ž .effect Rossby et al., 1995 .
Elevated baseline cortisol, dexamethasone nonsuppres-

sion and blunted CRHrACTH release in depression have
been well documented. The finding of elevated levels of
vasopressin in postmortem studies of depressives and the
lowering of cerebrospinal fluid vasopressin levels by an-
tidepressants raises the question of the precise role of
vasopressin in the overactivity of the hypothalamic–pitui-

Ž .tary–adrenal axisin depression Scott and Dinan, 1998 .
Stress-induced regulation of locus coeruleus sensitivity to
CRH may underlie behavioral aspects of stress-related
psychiatric disorders. Recent data originated from animal

Žmodels suggest that swim stress and perhaps other stres-
.sors functionally alters CRH receptors that have an impact

Ž .on locus coeruleus activity Curtis et al., 1999 . Results
Ž .obtained by Mansbach et al. 1997 suggest the potential

efficacy of CRF receptor antagonists in the treatment of
affective disorders.

9. Biochemical hypotheses of affective disorders and
intracellular effects of antidepressant treatments

In the last few years, an explanation of the etiology of
depression has been sought on the level of the interdepen-
dence between systems of second messengers, G proteins

Ž .and protein kinases. Thus, Wachtel 1989 suggested that
affective disorders occur as the result of imbalance of the
two major intraneuronal messenger systems, the adenylyl
cyclase and phospholipase C, with depression resulting
from hypofunction of cyclic AMP pathway associated with

Ž .a relative predominance of inositol trisphosphate IP -di-3
Ž .acylglicerol DG system, while mania results from the

converse.
Important results were obtained in studies on nonneu-

ronal tissue, namely on leukocytes of patients with depres-
sion by Avissar and Schreiber, who assumed that the
processes in leukocytes resemble those taking place in

Ž .cerebral neurons. Avissar and Schreiber 1992 reviewed
the role G proteins in the etiology of affective disorders
and antidepressants action. They found a significant eleva-
tions in of G and G , levels in mononuclear leukocytesa s a i

of manic patients, and reduction in G and G in patientsa s a i
Ž .with bipolar depression Avissar et al., 1997 . Moreover,

the low levels of G protein function and immunoreactivity
Žwere normalized by electroconvulsive treatment Avissar

. Ž .et al., 1998 , and light therapy Avissar et al., 1999 . These
results are consistent with blunting of b-adrenoceptor me-
diated protein kinase A response in fibroblasts from pa-

Žtients with major depression Manier et al., 1996; Shelton
.et al., 1996, 1999 and reduction of adenylyl cyclase

immunolabeling and activity in postmortem temporal cor-
Ž .tex of depressed suicide victims Reiach et al., 1999 .

Ž .Lesch and Manji 1992 demonstrated that chronic antide-
pressants modify differently mRNA of various subtypes of
Galpha protein in rat brains, thus modifying the balance
between various signal pathways.

10. The interference of antidepressant treatment with
dialogue between systems of protein kinases

Receptors of neurotransmitters that initiate signaling
cascades associated with protein kinase A and protein
kinase C may mutually control themselves. This phe-
nomenon is known as receptor systems’ crosstalk or dia-
logue.

Basing on our findings, we have proposed that the
protein kinase C-related processes, including a dialogue
between a and b-adrenoceptors, are among the targets1

Ž .for antidepressant drug action Nalepa, 1994 . The possi-
bility of cooperation of a- and b-adrenoceptors was firstly

Ž .suggested by the observation of Blumberg et al. 1976 ,
who noticed that isoproterenol, a selective b-adrenoceptor
agonist, stimulated generation of cyclic AMP less than did
noradrenaline, which activates all types of adrenoceptors.



( )J. Vetulani, I. NaleparEuropean Journal of Pharmacology 405 2000 351–363 357

Ž .Daly et al. 1980, 1981 described the potentiation of the
b-adrenoceptor response by a-adrenoceptors in the cere-
bral cortex. Further research revealed a relation between
the metabolism of inositol phospholipids and neurotrans-

Žmitter-stimulated generation of cyclic AMP Karbon et al.,
.1986; Duman and Enna, 1987; Enna and Karbon, 1987 .

Although the mechanism of this potentiation was not
definitively explained, the authors agreed that one of the
most serious candidates for the role of amplifier of cyclic
AMP response after b-adrenoceptor stimulation was the

Žphosphorylating activity of protein kinase C Houslay,
.1991; Tanaka and Saito, 1992 . Some authors suggest that

Žprotein kinase C phosphorylates the G protein coupled toi
.the a -adrenoceptor counteracting the inhibition of cyclic2

Ž .AMP generation Katada et al., 1985; Jakobs et al., 1986 ,
while others assume that protein kinase C acts on Gs

protein of the b-adrenoceptor, potentiating the cyclic AMP
Ž .response Sugden and Klein, 1988 . Regardless the real

targets of protein kinase C action, the final effect would be
the enhancement of the cyclic AMP response.

Protein kinase C activation occurs after stimulation of
receptors that operate through phosphatidylinositols cas-
cade, e.g., a -adrenergic and 5-HT receptor families. In1 2

addition to G proteins, the proteins of adrenoceptors are
among intracellular substrates of protein kinase C. For
example, protein kinase C phosphorylates the protein of

Ž .the a -adrenoceptor Leeb-Lundberg et al., 1985 decreas-1

ing its sensitivity and reducing generation of inositol phos-
Ž .phates Nalepa and Vetulani, 1991a .

Chronic treatment with ECS and imipramine has been
reported to increase the density of a -adrenoceptors1
Ž .Vetulani et al., 1983, 1984 . Subsequently, the shift of the
balance between a - and b-adrenoceptors towards a -1 1

adrenoceptors was postulated to be a characteristic effect
Ž .of chronic antidepressant treatments Vetulani, 1984 and

it has been suggested that protein kinase C-related pro-
Žcesses play the main role in this phenomenon Nalepa,

.1994 . Nevertheless, the increased density of a -adrenoc-1

eptors that occurred after ECS and imipramine was not
accompanied by the increase in inositol phosphate re-

Ž .sponse to noradrenaline Nalepa and Vetulani, 1993a .
Moreover, we found that chronic mianserin and citalopram
enhanced the responsiveness of a -adrenoceptors without1

Žchanges in the receptor density Nalepa and Vetulani,
.1993b, 1994 . Our results show that protein kinase C is

responsible for the dialogue between a - and b-adrenocep-1

tors and indicate that both processes, the protein kinase
C-a -adrenoceptor negative feedback and the protein ki-1

nase C-induced potentiation of b-adrenoceptor response,
Žare among the targets for antidepressant drugs Nalepa and

.Vetulani, 1991a,b, 1994, 1996; Nalepa et al., 1993 but not
Ž .of antipsychotics Nalepa, 1993 . Thus, we proposed that a

counter-regulation of the physiological negative feedback
between protein kinase C and a -adrenoceptor may occur1

as result of chronic treatment with antidepressants, and this
effect may lead to the prolonged activation of this receptor

Ž .Nalepa and Vetulani, 1991a; Nalepa et al., 1993, 1996 .
The latter process may counteract the b-adrenoceptor down

Žregulation of cyclic AMP response to agonists Nalepa and
.Vetulani, 1991b . In fact, a counter-regulation between

protein kinase C and protein kinase A on agonist-induced
desensitization of b-adrenoceptor system has been demon-

Ž .strated in various cell lines Shih and Malbon, 1994 .
Ž .Thus, Nalepa 1994 postulated that taking into considera-

tion the role of protein kinase C in the crosstalk of
phospholipase C and adenylyl cyclase-related systems ex-
plains why, despite the antagonization of a -adrenoceptor1

and b-adrenoceptor down regulation by some antidepres-
sants, an enhancement of the process of noradrenergic
transmission may take place as a final effect of these
drugs. The interaction occurring at the level of second
messenger systems may determine both the ultimate effec-

Žtiveness of drug and the emergence of depression Nalepa,
.1994 . As the activation of protein kinase C and protein

kinase A can be induced by both noradrenaline and sero-
tonin signaling pathways, cooperation of these two systems
may occur at the intracellular level.

Recent studies on an serotonin and noradrenaline reup-
take inhibitors venlafaxine provide evidence for a crosstalk
between noradrenergic and serotonergic receptor cascades
at the level of mechanisms involved in the desensitization
of the b adrenoceptor-coupled adenylate cyclase system
Ž .Nalepa et al., 1998 . These studies showed that repetitive
treatment with venlafaxine failed to alter in normal ani-
mals either the density of b-adrenoceptors or the response
of the b-adrenoceptor-coupled cyclic adenylate cyclase
system to noradrenaline, but significantly decreased the
cyclic AMP response to noradrenaline in the brain of rats
with selective depletion of brain serotonin by p-chloro-
phenylalanine.

The receptor dialogue hypothesis explains two impor-
tant points of the action of antidepressants: an increase in
the intracellular cyclic AMP in vivo, observed by Duman’s

Ž .group Nibuya et al., 1996 , and discrepancies between the
changes at the receptor, second messenger and behavioral
level.

11. Antidepressant treatments and phosphorylation of
intracellular proteins

Phosphorylation, effected by messenger-regulated pro-
tein kinases, is the main route of activation or deactivation
of cellular proteins. Antidepressant treatments were found
to interfere with intracellular phosphorylation processes
and this action may contribute to explanation of the thera-

Ž .peutic effects Popoli et al., 2000 . First reports were
Ž .published a decade ago, when Perez et al. 1991 reported

the increased phosphorylation of the cyclic AMP binding
protein associated with the crude microtubule fraction of
rat cerebral cortex after prolonged treatment with different

Ž .antidepressants, such as fluoxetine and q -oxaprotiline.
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Also, chronically administered fluvoxamine enhanced the
phosphorylation of a microtubule-associated protein 2
Ž .Perez et al., 1995 . The chronic treatment with a
monoamine oxidase-A-inhibitor, moclobemide, increased
significantly the binding of cyclic AMP to cyclic AMP-de-

Žpendent protein kinase A in rat cerebral cortex Mori et al.,
.1998 . A long-term treatment with two selective serotonin

reuptake inhibitor, paroxetine and fluvoxamine, and with
an serotonin and noradrenaline reuptake inhibitors, ven-
lafaxine, induced a large increase of Ca2qrcalmodulin-de-
pendent protein kinase II autophosphorylation in synaptic
vesicles and synaptic cytosol in the hippocampus, but not

Ž .in synaptosomal membranes Popoli et al., 1995 . This
suggested that only presynaptic kinase was affected by
chronic antidepressants. These findings may be relevant
for desensitization of presynaptic 5-HT autoreceptors and
adaptive changes in the molecular machinery regulating
transmitter release at serotonergic terminals. A classic
tricyclic, imipramine, and ECS, in contrast to selective
serotonin reuptake inhibitors and venlafaxine, induced a
significant increase in the CaM-II activity in the particulate

Ž .fraction from the hippocampus Pilc et al., 1999 .
The results showing the action of chronic antidepressant

treatments on various kinases are of particular interest, as
transcription factors are their important targets.

12. Genomic changes

The slowness in development and persistence of the
clinical effect of antidepressants suggest that antidepres-
sant treatments affect the gene transcription. Various an-
tidepressants may influence different intracellular signal
cascades and alter their interrelationships, e.g., at the level
of protein kinases. However, from the biological point of
view, only the end-result of an antidepressant treatment
counts, and, in all cases, it may be identical because of
convergence of the intracellular signals. This convergence
occurs at the level of transcription factors, whose transcrip-
tional activities are regulated by the convergent activities
of various protein kinases including protein kinase A,
protein kinase C, Ca2qrcalmodulin-dependent protein ki-
nase II and others. Transcription factors recognize and
bind to the specific sequences, DNA response elements, in
the promotor regions of genes, in this way, changing the
rate of expression of target genes.

Various classes of antidepressants increase the expres-
Ž .sion of CREB Nibuya et al., 1996 . Among the multiple

target genes that could be regulated by CREB is brain-de-
Ž . Ž .rived neurotrophic factor BDNF Duman, 1998 . Chronic

administration of several types of antidepressant drugs
increases expression of BDNF and its receptor TrkB
Ž .Nibuya et al., 1995 . BDNF is a neurotrophin and plays
an important role in survival and function of neurons
Ž .Lindsay et al., 1994 . Many data suggest that neurotrophin

function is altered in stress-related affective disorders, and
that BDNF could be involved in the etiology and treatment

Ž .of these illnesses Duman, 1998 . Although the hypothesis
that antidepressant treatments lead to an increase in neu-

Žrotrophin levels because of activation of CREB Duman et
.al., 1997b is attractive, there emerge some data not consis-

tent with it. Thus chronic treatment with venlafaxine did
not elevate the mean steady-state level of CREB mRNA
and significantly reduced the amount of phosphorylated

ŽCREB in nuclear lysates of the rat cortex Rossby et al.,
.1999 .

The Aserotoninrnoradrenalinerglucocorticoid linkB
hypothesis of affective disorders and the action of antide-

Ž .pressants, postulated by Pryor and Sulser 1991 , has
integrated glucocorticoid receptor system into amine hy-
pothesis of affective disorders. Functional link between

Ž .aminergic and endocrine signaling glucocorticoids be-
yond the receptors has been demonstrated in C6 glioma
cells at the level of preproenkephalin gene expression
Ž .Yoshikawa and Sabol, 1986; Eiring et al., 1992 . In vivo,
the regulation of preproenkephalin gene expression de-
pends on serotonin, as chronic fluoxetine enhanced the
expression of preproenkephalin mRNA in the rat amyg-
dala, and this effect disappeared in rats with depleted level

Ž .of brain serotonin Rossby et al., 1996 .
Some antidepressants, e.g., desipramine, induce also

increases in glucocorticoid receptor gene promoter activity
Žand glucocorticoid receptor mRNA levels Pepin et al.,

.1992a; Rossby et al., 1995 , and in the receptors density
Ž .Przegalinski and Budziszewska, 1993 . However, other
antidepressants, such as oxaprotiline, citalopram and mi-

Žanserin did not affect the receptor density Budziszewska
.et al., 1994 .

Soluble cytoplasmic glucocorticoid receptors are known
Ž .to act as transcription factors. Frechilla et al., 1998

demonstrated a differential and region-specific effect of
chronic antidepressant treatments on the DNA-binding ac-
tivities. The chronic treatments with two antidepressants,
fluoxetine and desipramine, differently affecting
monoamine reuptake, produced a similar effect on DNA
response elements in the frontal cortex, causing an increase
the binding activity of nuclear proteins to cyclic AMP

Ž .response element CRE and decreasing substance P1 con-
sensus binding. On the other hand, in the hippocampus
only fluoxetine treatment caused changes in CRE and SP1
consensus binding, while desipramine treatment did not
affect it. In contrast, glucocorticoid response element
Ž .GRE binding activity was enhanced in the hippocampus
by desipramine but not fluoxetine. The authors concluded
that the lack of action of desipramine treatment on hip-
pocampal CRE and SP1 consensus binding was caused by
the ability of desipramine to increase GRE binding activ-
ity. These results may exemplify the protein–protein inter-
actions among various transcription factors and the effect
of chronic antidepressant treatments on these interactions.
Antidepressant drugs can also inhibit the CRE-directed
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gene transcription that was stimulated by membrane depo-
Ž .larization Schwaninger et al., 1995 .

Lithium is a mood stabilizer, which is used in treatment
of bipolar depression. Studies on the effects of chronic
treatment with lithium clearly show that its most important
action takes place downstream of receptors. Moreover,
they indicate that action of lithium may involve different
signaling cascades. Thus, similarly as neurotransmitters
triggering intracellular signaling cascade, lithium may am-
plify and integrate signals in the central nervous system.
Results obtained in human neuroblastoma cells demon-
strate that lithium can influence the CREB functioning
even if the expression of CREB remained unchanged
Ž .Wang et al., 1999 . Same authors reported that chronic
treatment with lithium inhibited phosphorylation of CREB
and DNA binding induced by the adenylyl cyclase activa-
tor forskolin, but had no effect on constitutive expression
of CREB protein. Accumulated evidence has identified the
family of protein kinase C isozymes as targets for the
long-term action of lithium. Chronic lithium administration
reduces the expression of protein kinase C a and ´, as
well as a major protein kinase C substrate, MARCKS,
which has been implicated in long-term neuroplastic events

Žin the developing and adult brain Manji and Lenox,
.1999 . Subsequently, it was reported that lithium modu-

lates AP-1 DNA binding activity and the expression of
genes regulated by AP-1 and the lithium-induced increases
in AP-1 DNA binding activity were accompanied by in-
creases in p-c-Jun and c-Jun levels in SH-SY5Y cells
Ž .Yuan et al., 1999 . The same paper indicated that chronic
in vivo lithium administration increased AP-1 DNA bind-
ing activity in frontal cortex and hippocampus and also
increased the levels of the phosphorylated, active forms of

Ž .c-Jun NH2-terminal kinases JNKs in both brain regions.

13. Concluding remarks

Depression may be regarded as a chronic condition,
caused by unfavorable genomic changes that may arise
from various causes, including heredity, environmental
stress or neurotoxicity, and lead to loss of plasticity of

Ž .nervous mechanisms Rossby and Sulser, 1997 . Because
of historical reasons we believe that most of those changes
are related to monoamines, particularly to disturbances in
noradrenergic and serotonergic transmission. The stress-re-
lated damage of hippocampal serotonin neurons, overex-
pression of b-adrenoceptor, and several other receptor
changes were proposed to play a role in etiology of
depression, although some of them may be in reality only
epiphenomena. The antidepressant therapies cannot repair
the genomic changes and return plasticity, but those that
are effective may lead to changes that compensate for the

Ž .loss Rossby and Sulser, 1997 .
The primary targets for antidepressant actions seem to

be membrane receptors, but this is only the beginning: the

prolonged action of receptors leads to changes in internal
signaling cascades that converge at the level of nucleus
and lead to genomic changes. Because of that convergence
the drugs affecting different signaling pathways may even-
tually produce the same final effect, e.g., activation of
CREB and resulting increase in neurotrophin synthesis
Ž .Duman et al., 1997a,b . However, as mentioned above,

Ž .Rossby et al. 1999 have shown that at least one effective
antidepressant does not conform to this pattern. As in the
whole history of studies of antidepressants, a new attrac-
tive hypothesis is in a short time challenged by new
findings, requiring a search for novel explanations.

The last development in the field of antidepressant is an
increase interest in neuropeptides. Finally, this important
group on neuromodulators, for the first time brought to our
attention by David de Wied, entered the depression scene.
The neglected for long time TRH may present a novel
mechanism of antidepressant action, characterized by rapid
onset. The antagonists on tachykinin NK receptor recep-1

tor may also bring a considerable therapeutic progress.
The history of studies on antidepressants was a great

challenge for neuroscientists and the research in this field
brought a considerable progress in our understanding of
the central nervous system mechanisms. The discovery of
the involvement of peptides demonstrates that after more
than forty years of research there is still a lot to be done.
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